Objectives: The aims of this study are to evaluate the outcomes and trends of contemporary emergency surgery for acute type A aortic dissection on the basis of a systematic approach and to assess the impact of temporary aortic crossclamping during systemic cooling on early and late outcomes.
Perspective
Our findings increase surgeons' awareness of the importance of a systematic approach to emergency surgery for ATAAD, which may contribute to an improvement in surgical outcomes of ATAAD. The spread of temporary aortic crossclamping during systemic cooling may shorten the average operation time without increasing adverse events.
See Editorial Commentary page 97.
Despite recent advances in surgical techniques and perioperative management, the surgical mortality of acute type A aortic dissection (ATAAD) remains high (12.7% to 29.8%). [1] [2] [3] [4] [5] To improve surgical outcomes, various techniques have been developed over time. 6 The current consensus about the surgical technique for ATAAD recommends open distal anastomosis with hypothermic circulatory arrest. [7] [8] [9] However, it is not clearly understood whether temporary aortic crossclamping during systemic cooling affects surgical outcomes or not. The aims of this study are to evaluate the outcomes and trends of emergency surgery for ATAAD in a Japanese high-volume aortic center and to assess the impact of temporary aortic crossclamping on early and late outcomes.
MATERIALS AND METHODS Patients and Study Design
Between March 2004 and May 2015, 702 consecutive patients underwent emergency surgical aortic repair of ATAAD at Sakakibara Heart Institute. The diagnosis of ATAAD was made with computed tomography (CT) in all patients. ATAAD was defined as any nontraumatic dissection involving the ascending aorta presenting within 14 days from symptom onset.
This is a retrospective cohort study. First, we assessed the time from hospital arrival to establishment of cardiopulmonary bypass (CPB) (door-to-CPB time), operative procedural details, operative mortality, incidence of postoperative complications, long-term mortality, and aortic reinterventions. We also assessed the trend of door-to-CPB time and operative mortality over a decade. In the door-to-CPB time analysis, we excluded 1 patient who developed ATAAD during hospitalization for Stanford type B aortic dissection.
Second, we divided our 702 cases into 2 groups, the aortic crossclamping group and the nonclamping group, and compared early and late outcomes. We also evaluated the impact of aortic crossclamping on incidence of stroke and aortic reinterventions using multivariable analyses. For comparison of operation time, isolated ascending aortic or hemiarch replacement cases were exclusively included to adjust the bias of operative procedures. We included cases in which we crossclamped the aorta and aborted the clamping with any reasons in the crossclamping group.
The institutional review board of our institution approved this study and waived the requirement for informed consent. All data were collected prospectively and reviewed retrospectively from each patient's medical chart during regular visits to the outpatients' clinic or by telephone interview. The latest follow-up was conducted between June 2014 and May 2015. The mean follow-up period was 47.5 AE 36.0 months after surgery.
Definitions
Emergency surgery was defined as operation within 24 hours after the diagnosis. Preoperative shock was defined as an unstable preoperative condition with at least 1 of the following factors: systolic blood pressure less than 80 mm Hg, requirement of inotropes, pericardial drainage, or cardiopulmonary resuscitation. Cerebral malperfusion was defined as newly developed neurologic deficits with cervical arterial dissection on CT images. Myocardial malperfusion was defined as new electrocardiogram change indicating myocardial ischemia, elevated myocardial enzymes, and coronary arterial dissection on echocardiography or CT images. Lower-limb malperfusion was defined as newly developed lowerlimb ischemia with symptoms and corroborative CT images. Mesenteric malperfusion was defined as newly developed acute abdomen associated with a dissected superior mesenteric artery on CT images. Operative mortality was defined as any death within 30 days after surgery or before discharge. Stroke was defined as the presence of new neurologic dysfunction lasting for more than 24 hours. High-risk patients were defined as patients with at least 1 of the following factors: age 80 years or older, preoperative shock, previous cardiac surgery, and any organ malperfusion. 5, 10, 11 
Diagnosis and Surgical Protocols
Our systematic protocol includes rapid transfer to the operating room (OR), quick establishment of CPB mainly with femoral arterial cannulation, temporary aortic crossclamping during cooling, primary entry resection, and open distal anastomosis.
When the diagnosis has been made at a transferring hospital, we start setting up the OR before the patient's arrival and transfer the patient to the OR as soon as possible after arrival. Even for undiagnosed patients, we start preparing the OR except for opening the sterile instruments and CPB circuits before arrival if the reported patient's condition is likely to be ATAAD. Then, we quickly transfer the patient to the CT suite and perform contrast-enhanced scans after arrival. As soon as the diagnosis of ATAAD is made, we continue setting up the OR and stabilize the patient in the intensive care unit until the OR is ready to accept the patient.
All operations are performed through a median sternotomy. The femoral artery (FA) is primarily selected as a cannulation site unless the CT findings show malperfusion of bilateral legs or shaggy aorta. 12 For quick establishment of CPB, the sternotomy and dissection of the FA are performed simultaneously. We routinely scan the true lumen of the aorta by transesophageal echocardiography (TEE) as soon as CPB is established. If the true lumen collapses, we stop CPB and switch the cannulation site to the left ventricular apex. We use the EZS21A cannula (Edwards Lifesciences, LCC, Irvine, Calif) for left ventricle apex perfusion. When preoperative CT shows bilateral lower limbs malperfusion or shaggy aorta, we cannulate the left ventricular apex or right axillary artery instead of the FA. In this series, the ascending aorta was cannulated in a few cases with unclear reasons. We cannulated the right atrium for systemic venous drainage and right upper pulmonary vein for left ventricle vent.
After establishment of CPB, the patients are cooled down to 25 C for circulatory arrest. During systemic cooling, we usually crossclamp the aorta, open the proximal ascending aorta, administer retrograde and selective cardioplegia, and repair the aortic root. At the moment of crossclamping, we temporarily stop perfusion, decrease the pressure of aorta to zero, and clamp the aorta very slowly to minimize the pressurization of the false lumen. At the same time, an anesthesiologist temporarily compresses the bilateral carotid arteries to avoid incidental cerebral thrombosis. Needless to say, we do not clamp the aorta when we cannulate the left ventricular apex. We carefully monitor the blood pressure of the bilateral radial arteries, bilateral cerebral oxygen saturation, and TEE findings after crossclamping. If any sign of malperfusion is found, we unclamp the aorta or change the clamping site proximally. We did not crossclamp the aorta in 86 patients. The reasons why we did not crossclamp included systemic perfusion from the left ventricular apex (60 cases), severe adhesion around the ascending aorta (12 cases), large thrombosis in the ascending aortic false lumen (6 cases), on-pump beating coronary artery bypass grafting performed during cooling (4 cases), large entry in ascending aorta (3 cases), and distal ascending aortic rupture (1 case).
In supracommissural aortic repair, the dissected aortic root is repaired with BioGlue (Cryolife Inc, Kennesaw, Ga) and double strips at the level of the sinotubular junction. At the core temperature of 25 C, systemic circulation is arrested. In ascending aortic or hemiarch replacement, the distal end of the aorta is reinforced with double felt strips and open distal anastomosis is performed with retrograde cerebral perfusion. After distal anastomosis, systemic perfusion is resumed through the branch of the prosthesis and the proximal anastomosis is performed during rewarming (Video 1). In total arch replacement, open distal anastomosis is performed with selective antegrade cerebral perfusion. We use the MERA balloon catheter 12F cannula (MERA, Inc, Tokyo, Japan). The details of our total arch replacement have been reported. 13 We perform total arch replacement when the entry is located in the aortic arch or the distal aortic arch is dilated (>45 mm). 14 We perform aortic root operations when at least 1 of the following conditions exist: intimal tear in the aortic root, extensive involvement of coronary arteries, aortic root rupture, and aortic root diameter 45 mm or greater. 15 
Abbreviations and Acronyms
ATAAD ¼ acute type A aortic dissection CT ¼ computed tomography CPB ¼ cardiopulmonary bypass FA ¼ femoral artery OR ¼ operating room TEE ¼ transesophageal echocardiography
Statistical Analyses
All data analyses were performed with JMP 11.0 software (SAS Institute Inc, Cary, NC). Data were expressed as means AE standard deviations or median and ranges for continuous variables and as numbers (percentages) for categoric variables. Comparisons of continuous variables were tested with unpaired t test or Wilcoxon test, and comparisons of categoric variables were tested with the chi-square test or Fisher exact test. Long-term survival and freedom from aortic reintervention were analyzed using the Kaplan-Meier method and log-rank test. The Cochran-Armitage trend test was used for analysis of trend of proportional variables, such as the rate of operative mortality and that of high-risk patients. The Jonckheere-Terpstra trend test was used for analysis of trend of time from hospital arrival to CPB establishment.
The association between aortic crossclamping and postoperative stroke was examined by multivariable logistic regression analysis. We included covariates that were rationally considered to be related with postoperative stroke: age, sex, previous cardiac surgery, preoperative shock, total arch replacement, CPB time, and FA cannulation. The association between aortic crossclamping and operative mortality was examined by multivariable logistic regression analysis. We included covariates that were rationally considered to be related with operative mortality: age, sex, previous cardiac surgery, malperfusion, preoperative shock, total arch replacement, and CPB time. The association of aortic crossclamping and late aortic reintervention was examined by Cox proportional hazards analysis. We included covariates that were rationally considered to be related with aortic reinterventions: age, total arch replacement, aortic root replacement, resection of primary entry, and DeBakey type II.
RESULTS

Preoperative Background
Preoperative data are presented in Table 1 . Mean age was 65.5 AE 13.0 years, and 334 patients (47.6%) were women. A total of 171 patients (24.4%) presented to the Sakakibara Heart Institute without a diagnosis and required CT scans after arrival. A total of 617 patients (87.9%) underwent surgery within 24 hours after symptom onset. The mean door-to-CPB time was 137.1 AE 91.0 minutes, and median time was 115 minutes (range, 33-939 minutes). This time has significantly decreased over a decade (trend test P<.001). Eighteen patients (2.6%) who were hemodynamically stable at admission developed cardiac tamponade and shock before surgery.
The ratio of high-risk patients was significantly higher in the nonclamping group (61.6%, 53/86) than in the crossclamping group (45.8%, 282/616) (P < .001). The yearly number of surgeries and the ratio of high-risk patients are shown in Figure 1 . The number of surgeries has increased over a decade, and the ratio of high-risk patients has significantly increased (trend test P <.001).
Operative Data
Operative data are shown in Table 2 . Total arch replacement was performed in 242 patients (34.5%), and simultaneous aortic root surgery was performed in 82 patients (11.7%). The values of age and BSA are presented as mean AE standard deviation, and the others are n (%). There are some missing data: 13 in BSA, 6 in diabetes mellitus, 6 in mesenteric malperfusion, and 7 in aortic regurgitation. BSA, Body surface area. By comparing the operation and CPB times exclusively in isolated ascending or hemiarch replacement cases, the crossclamping group demonstrated shorter operation and CPB times than the nonclamping group. (236.5 AE 3.0 minutes vs 290.6 AE 8.3 minutes, P < .001 and 131.0 AE 2.0 minutes vs 159.7 AE 5.5 minutes, P <.001). FIGURE 1. Yearly numbers of surgical cases, ratio of high-risk patients, ratio of cases undiagnosed at arrival, postoperative stroke ratio, and operative mortality. Annual case volume has been increasing in this decade. Despite an increasing ratio of high-risk patients, the operative mortality has not changed. The details of arterial cannulation site are shown in Table 2 . Twenty-four patients required the switch of arterial cannulation site because of malperfusion (22 cases), severe aortic regurgitation (1 case), and root rupture (1 case). Aortic crossclamping was placed in 616 patients (87.7%). In 5 of those patients, malperfusion occurred after the aortic crossclamping. In those cases, malperfusion was resolved after prompt unclamping (n ¼ 3) or changing the clamp site to the proximal ascending aorta (n ¼ 2).
Early Outcomes
Early surgical outcomes are shown in Table 3 . Operative mortality was 5.4% (38/702), and the incidence of stroke was 10.8% (76/702). There were no significant differences in the incidences of complications and operative mortality between 2 groups. Logistic regression analysis did not reveal that aortic crossclamping is associated with operative mortality (adjusted odds ratio, 0.77; 95% confidence interval [CI], 0.32-2.05; P ¼ .58) and postoperative stroke (adjusted odds ratio, 0.75; 95% CI, 0.3-1.92; P ¼ .542). Preoperative shock was the only independent predictor of postoperative stroke (Table 4) .
The incidence of stroke in patients with preoperative cerebral malperfusion (n ¼ 61) was 29.5% (18/61), which was significantly higher than in patients without preoperative cerebral malperfusion (9.0%, 58/641). In the crossclamping group, the incidences of stroke were 26% (13/ 50) in patients with preoperative cerebral malperfusion and 8.7% (49/566) in patients without preoperative cerebral malperfusion. In the nonclamping group, the incidences of stroke were 45% (5/11) in patients with preoperative cerebral malperfusion and 12.0% (9/75) in patients without preoperative cerebral malperfusion.
Long-Term Survivals
The rate of complete follow-up was 94.0%. Overall actuarial survivals were 85.0% at 5 years and 80.4% at 7 years in all patients (Figure 2, A) , 86.0% at 5 years and 82.4% at 7 years in the crossclamping group, and 78.4% at 5 years and 69.1% at 7 years in the nonclamping group (P <.001) (Figure 2, A) .
Late Aortic Reinterventions
Fifty-five patients underwent a total of 58 aortic reinterventions after the primary surgery during the follow-up period. The details of reintervention procedures are shown in Table E1 . Freedom rates from aortic reinterventions were 89.8% at 5 years and 87.5% at 7 years in all patients (Figure 2, B) , 90.3% at 5 years and 87.5% at 7 years in the crossclamping group, and 87.1% at 5 years and 87.1% at 7 years in the nonclamping group (P ¼ .758) (Figure 2,  B) . Cox proportional hazards analysis did not reveal that aortic crossclamping is associated with aortic reinterventions (adjusted hazard ratio, 0.90; 95% CI, 0.44-2.09; P ¼ .799) ( Table 5) .
DISCUSSION Outcomes and Fast Preoperative Management
To the best of our knowledge, this study is the largest surgical series of ATAAD in a single institute. Our series has demonstrated a low operative mortality of 5.4%, which is better than most of recently reported operative mortalities from large sample studies (12.7% to 29.8%). [1] [2] [3] [4] [5] In addition, the trend test did not reveal a significant decrease or increase in the operative mortality over the last decade, although the ratio of high-risk patients has been significantly increasing. This fact indicates that our quality of care has been improving over time.
Our long-term survival after emergency surgery for ATAAD is comparable or better than that reported by others, 1, 5, [16] [17] [18] and our long-term freedom from aortic reinterventions also is comparable or better than in other reports. [18] [19] [20] It is critically important to begin surgery before patients become unstable. 21, 22 Trimarchi and colleagues 23 in the International Registry of Acute Aortic Dissection reported Values are presented as n (%). that mortality in unstable patients was significantly higher compared with stable patients (31.4% vs 16.7%). 23 Bavaria and colleagues 24 reported that surgical outcomes of ATAAD improved with their integrated surgical approach. They transferred the patients directly to the OR from the helipad or emergency department to decrease the interval between diagnosis and surgical intervention. Andersen and colleagues 25 demonstrated a dramatic improvement in surgical outcomes of ATAAD after implementation of a multidisciplinary thoracic aortic surgery program. Not only surgery per se but also a systematic and sophisticated perioperative approach is key to reduce operative mortality and morbidities. [24] [25] [26] [27] Quick transportation to the OR is critical; however, being in the OR per se or skin incision does not resolve threats of ATAAD, and it is not always easy to establish CPB quickly in ATAAD. Therefore, we chose a door-to-CPB time as a time-related quality index. Our median door-to-CPB time was 115 minutes. This type of time-related quality index has been reported infrequently, and it is difficult to compare those. Harris and colleagues 28 reported that their median time between diagnosis and surgery was 4.3 hours.
In our analysis apart from this study, we did not reveal the significant association of door-to-CPB time with operative mortality. We think that the positive association was absent because door-to-CPB time was influenced by the patient's condition. In our series, 18 patients who were hemodynamically stable at admission developed cardiac tamponade and shock before surgery. This fact indicates the importance of fast transfer to the OR and CPB establishment.
We have kept making small improvements. Although we used to start preparing the OR after the diagnosis has been confirmed, now we start preparing the OR as soon as we receive a phone call from a transferring hospital or ambulance service. We also began using an all-in-one package of surgical instruments and drapes and preconnected CPB circuits so that we have become able to prepare the OR very fast. Once a patient with ATAAD is transferred to the OR, all staffs including surgeons, anesthesiologists, nurses, and perfusionists collaborate effectively to establish CPB as fast as possible. The trend test showed a significant decrease in our door-to-CPB time over the last decade, which was likely due to our step-by-step quality improvement.
Systematic Cannulation Protocol for Quick Cardiopulmonary Bypass Establishment
Systematic arterial cannulation site selection contributes to fast establishment of CPB in the OR. The advantages of FA cannulation are technical easiness and speed. In our series, 615 of 634 FA cannulations (97.0%) were successful without malperfusion. The left ventricular apex was selected as the second cannulation site in most failure cases. The left ventricular apex cannulation under TEE guidance is a simple and reliable method for proper true lumen perfusion. 29 This systematic cannulation protocol helps surgeons to make quick decisions and perfusion.
On the other hand, major disadvantages of FA cannulation include embolic stroke and malperfusion due to the retrograde perfusion. Some studies have shown significantly lower incidences of stroke with axillary Log-rank test has shown higher long-term survival in the crossclamping group than in the nonclamping group. B, Freedom from aortic reinterventions. Kaplan-Meier estimates have shown excellent freedom rate from aortic reinterventions after emergency surgery for ATAAD. Log-rank test showed no significant difference in the freedom rate from aortic reinterventions between the crossclamping and nonclamping groups. arterial cannulation than FA cannulation. 30, 31 Other studies have shown no significant difference in the incidences of stroke [32] [33] [34] and malperfusion [31] [32] [33] [34] between 2 cannulation sites. The optimal site of cannulation in ATAAD is still controversial.
The incidence of postoperative stroke and malperfusion in our FA cannulation series was 10.8% and 3.0%, respectively, which are comparable to or better than those of axillary cannulation previously reported. Lee and colleagues 34 have reported even lower incidences of postoperative stroke (5.7%) and malperfusion (0%) after FA cannulation. Of note, they excluded patients with severe atherosclerotic disease in the aorta, iliac, and femoral arteries from FA cannulation candidates. They also routinely monitored blood pressure of extremities and evaluated the area ratio of true and false lumens in the descending aorta with TEE to detect malperfusion when initiating CPB. Their and our findings indicate that FA cannulation is safe and effective in ATAAD if it is performed under careful patient selection and intraoperative monitoring of malperfusion.
Impact of Temporary Aortic Crossclamping During Cooling
Placing temporary aortic crossclamping during cooling is another controversy. In this study, we have shown that temporary aortic crossclamping decreased the operation time without increasing the operative mortality, incidence of stroke, late deaths, and aortic reinterventions. There have been only a few studies focusing on the impact of aortic crossclamping in ATAAD.
David and colleagues 7 compared the early and late outcomes between 55 patients in whom the aorta was clamped during distal anastomosis and 54 patients in whom the aorta was not clamped and the distal anastomosis was performed under circulatory arrest. This unadjusted comparative study showed that aortic crossclamping group had a higher incidence of stroke and higher rate of patent false lumen on follow-up images. 7 Lawton and colleagues 9 recently published similar findings. Immer and colleagues 35 showed that temporary aortic crossclamping during cooling did not affect the in-hospital mortality or neurologic deficits. Potential risks of aortic crossclamping include traumatic injuries of diseased aorta and thrombotic events due to mobilization of clot in the false lumen, creating a new intimal tear or malperfusion due to pressurization of the false lumen. It is important to monitor arterial pressure, cerebral oxygen saturation, and TEE findings of the aorta for confirming proper perfusion after crossclamping. We have experienced and appropriately managed 5 cases (0.8%) of malperfusion occurring after crossclamping the aorta. Our multivariable analyses showed no association between aortic crossclamping and incidences of stroke or aortic reinterventions. Temporary aortic crossclamping during cooling seems efficient and safe if it is performed with careful maneuvers and monitoring as described.
Stroke
The incidence of stroke after ATAAD surgery has been reported as 2% to 16% in recent studies. 3, 4, 32, 36 Some may think that our stroke rate (10.8%) is relatively high. As our multivariable analysis showed, we think that preoperative shock status is largely related to the incidence of stroke. The rate of preoperative shock was 16% in our series. One series demonstrating the low incidence of stroke (2%) included only a small number of preoperative shock (3%). 36 On the other hand, another series included a large number of preoperative shock patients (22%) and demonstrated the high incidence of stroke (13%). 4 The incidence of stroke in patients with preoperative cerebral malperfusion was high (29.5% in all patients, 26% in the crossclamping group, 45.5% in the nonclamping group). The safety of aortic crossclamping in those patients is another concern. Although it is difficult to assess this clinical question adjusting all bias with this small sample size, our results do not indicate that aortic crossclamping increase the risk of new stroke in patients with preoperative cerebral malperfusion.
Study Limitations
Our present study has some limitations due to its retrospective and single-center study nature. There are significant differences in the background and perfusion strategy between the clamping and nonclamping groups. Although we tried to minimize the bias by using the multivariable analysis, there is likely to be unadjusted bias. As mentioned earlier, there were some reasons why we did not clamp the aorta in each case. Those indicators against aortic crossclamping are potential confounding factors, and there would be no sample if we tried to adjust all of those indicators. A prospective randomized study would be ideal to determine the optimal surgical strategy for ATAAD.
There is potential patient selection bias. We essentially operate on all patients with ATAAD unless a patient rejected surgery or is comatose without pupillary reflex. 14 Most of our patients undergoing dissection were referred from other hospitals, and patients who are deferred from surgery by a referring physician or those who reject undergoing surgery are not transferred to us.
CONCLUSIONS
Emergency surgery for ATAAD based on our systematic approach demonstrated excellent early and late outcomes. The operative mortality has been stably low over the last decade despite the increase in high-risk patients. Under the principle of open distal anastomosis and primary entry resection, temporary aortic crossclamping during cooling decreased the operation time without increasing the operative mortality, incidence of stroke, late deaths, and aortic reinterventions. 
